Abstract Previously, we reported the characterization of two novel antibodies that react with tau nitrated at tyrosine 197 (Tau-nY197) and tyrosine 394 (Tau-nY394) in Alzheimer's disease (AD). In this report, we examined whether tau nitration at these sites also occurs in corticobasal degeneration (CBD), progressive supranuclear palsy (PSP) and Pick's disease (PiD), three neurodegenerative tauopathies that contain abundant tau deposits within glial and neuronal cell types but lack amyloid deposition. The reactivity of these antibodies was also compared to two previously characterized antibodies Tau-nY18 and TaunY29, specific for tau nitrated at tyrosine 18 and tyrosine 29, respectively. In the present experiments, Tau-nY18 did not label the classical pathological lesions of CBD or PSP but did label the neuronal lesions associated with PiD to a limited extent. In contrast, Tau-nY29 revealed some, but not all classes of tau inclusions associated with both CBD and PSP but did label numerous Pick body inclusions in PiD. Tau-nY197 was restricted to the neuropil threads in both CBD and PSP; however, similar to Tau-nY29, extensive Pick body pathology was clearly labeled. TaunY394 did not detect any of the lesions associated with these disorders. In contrast, extensive neuronal and glial tau pathology within these diseases was labeled by Tau-Y197, a monoclonal antibody that reacts within the Y-197-containing proline-rich region of the molecule. Based on our Western and IHC experiments, it appears that nitration of tau at tyrosine 29 is a pathological modification that might be associated with neurodegeneration. Collectively, our data suggest that site-specific tau tyrosine nitration events occur in a disease and lesion-specific manner, indicating that nitration appears to be a highly controlled modification in AD and non-AD tauopathies.
Introduction
Alzheimer's disease (AD), corticobasal degeneration (CBD), progressive supranuclear palsy (PSP) and Pick's disease (PiD) are a diverse group of neurodegenerative tauopathies that share several pathological similarities, notably progressive accumulation of modified tau proteins in selective brain regions [29] . Non-AD tauopathies, however, differ significantly from AD in several ways. First, non-AD tauopathies are rare disorders that exhibit a variety of clinical features including cognitive and motor deficits [30] . Second, non-AD tauopathies are uniquely characterized by the intracellular aggregation of the tau protein within both glial and neuronal cell types, affecting mostly the frontal neocortex, basal ganglia, deep cerebellar nuclei as well as certain elements of the limbic system [8, 29] . Third, unlike AD which involves the self-aggregation of all six tau isoforms [14, 15] , non-AD tauopathies exhibit remarkable selectivity in tau isoform aggregation (for review, see [21] ).
For instance, tau isoforms containing four microtubule binding repeats (4R) compose the major tau inclusions identified within the glial and neuronal cell types in both CBD and PSP [9, 28] . In contrast, aggregates formed in PiD are largely composed of tau isoforms containing three microtubule binding repeats (3R) [6] . Furthermore, the formation of amyloid plaques, a well-known pathological hallmark in AD, is not considered to be a pathological marker in these rare tauopathies, indicating that tau may serve as the primary agent of neurodegeneration. Support for this contention is provided by the discovery of mutations within the tau gene associated with frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17), leaving little doubt that the altered tau protein alone is sufficient to cause neurodegeneration [10, 23, 34] .
In AD, the temporal and spatial progression of tau inclusion formation correlates well with neurodegeneration and cognitive decline [1, 3] . Although relatively little is known about this process in non-AD tauopathies, recent findings indicate that formation of tau aggregates in these diseases is similar but not identical to those found in AD [17] . For instance, several modifications associated with tau aggregation identified during early stages of tangle formation in AD have also been documented in non-AD tauopathies, including the Alz-50 conformation [4] and several phosphorylation events within tau [2] . However, as tau inclusions mature, post-translational modifications known to occur during the intermediate (Tau-C3, Tau-66) or late (MN423) stages of tangle formation in AD are absent in these rare tauopathies [4, 17] . These observations suggest that tau inclusions in non-AD tauopathies are likely processed differently by the cells, indicating potential mechanistic divergence between the pathogenesis leading to AD versus non-AD tauopathies.
In a previous report, our laboratory characterized two nitration-specific monoclonal antibodies termed Tau-nY18 and Tau-nY29 which react with tau nitrated at tyrosine 18 and tyrosine 29, respectively [36, 39] . In AD, Tau-nY18 localized largely to reactive glia cell types, whereas TaunY29 recognized the classic tau pathology in tissue sections [36, 39] . In non-AD tauopathies, Tau-nY29 revealed several pathological features associated with CBD, PSP and PiD suggesting that tau at tyrosine 29 was susceptible to nitration in all tauopathies including AD [39] . Intriguingly, Tau-nY18 did not detect either the neuronal or the glial tau lesions characteristic of CBD or PSP, indicating that tau nitration within the glial pathology in AD may be different from the glial pathology in these rare tauopathies [36] . In the present report, we compared the nitration of tau at tyrosine 18 and tyrosine 29 with nitration of tau at tyrosine 197 and tyrosine 394 using antibodies selective for tau nitrated at each of these residues [35] . Collectively, our data signify that site-specific nitration events occur within the tau molecule in a disease-and lesion-specific manner, indicating that nitration is likely a highly controlled modification in neurodegenerative tauopathies.
Materials and methods

Sarkosyl-soluble and sarkosyl-insoluble tau preparations
Frozen blocks from the frontal cortex were obtained from the Northwestern University Cognitive Neurology and Alzheimer's Disease Center (CNADC) Brain Bank (Table 1) . Sarkosyl-soluble and sarkosyl-insoluble tau fractions were Cases pathologically diagnosed with corticobasal degeneration (CBD), progressive supranuclear palsy (PSP) and Pick's disease (PiD) were used to analyze site-specific tau tyrosine nitration. Note that different cases were used for immunohistochemistry (IHC) and Western analysis PMI postmortem interval (hours), M male, F female prepared as previously reported [20] . Briefly, 1 g of frozen tissue was homogenized in solution A (10 mM Tris (pH 7.5), 10 mM EGTA, 1 mM dithiothreitol, 10% sucrose) at 4°C and centrifuged at 23,0009g for 15 min. The supernatant from this centrifugation containing the bulk of the soluble tau was discarded. The pellets were then extracted in solution A containing 1% Triton X-100 and centrifuged at 386,0009g for 20 min also at 4°C. The resultant pellets were subsequently homogenized in solution A containing 1% sarkosyl, incubated at 37°C for 1 h and centrifuged at 386,0009g for 20 min at 4°C. The supernatant from this spin was used as the sarkosylsoluble tau fraction. The sarkosyl-insoluble pellets were then solubilized in 7 M guanidine and dialyzed in Tris-EDTA at 4°C overnight using a Slide-A-Lyzer dialysis cassette (Pierce, Rockford IL) and stored at -80°C until further use as the sarkosyl-insoluble tau fractions.
Tau nitration in vitro
Wild type (ht40) and mutant tau proteins (on the ht40 background) were expressed using a pT7C-tau plasmid which drives the expression of the full-length human tau (441 amino acids) fused to an amino terminal 6X His affinity tag [4] . Four tau mutants, each containing a single tyrosine (Y) residue at position Y18, Y29, Y197, or Y394 were generated by mutating all of the other native tyrosine residues to phenylalanine (F) as previously described [37] . Mutant and wild type proteins were treated with peroxynitrite to induce tyrosine nitration [41] . Briefly, purified proteins were buffer exchanged into nitration buffer (100 mM potassium phosphate, 25 mM sodium bicarbonate and 0.1 mM diethylenetriaminepentaacetic acid) [25] , then treated with 100-fold molar excess of peroxynitrite (ONOO-) (Cayman Co, Arbor, MI) at room temperature with constant stirring; samples were then stored at -80°C until further use. The peroxynitrite concentration was measured spectrophotometrically at 302 nm in 0.3 M NaOH (e 302 = 1,670 M -1 cm -1 ) prior to each experiment [41] . Peroxynitrite treatment resulted in proteins nitrated at tyrosines in wild type tau (nht40), and in mutant proteins at Y18 (nY18), Y29 (nY29), Y197 (nY197), and Y394 (nY394). Tau harboring only a single tyrosine residue at tyrosine 310 was not used in this study because previous work demonstrated that tau is seldom nitrated at this site in vitro [37] .
Western blot analysis
Human tau samples (Table 1) were separated on 10% SDS PAGE and transferred to nitrocellulose membranes for immunoblot analysis (Trans-Blot, Bio-Rad, Hercules, CA). Where noted, membranes were treated with calf intestinal phosphatase (CIP, 10 U/ml in Tris buffer saline) overnight at 4°C to remove phosphate groups (New England Biolabs, Ipswich, MA). Membranes were then blocked with 5% non-fat dry milk in Tris buffered saline and incubated with primary antibodies at 4°C overnight. After rinsing, membranes were incubated in peroxidase-conjugated goat antimouse IgG H ? L secondary antibodies for an hour at room temperature (Vector Laboratories, Burlingame, CA), and then washed and incubated with ECL substrate (Pierce, Rockford, IL). Signal was visualized on Kodak Bio-max XAR film (VWR International, Batavia, IL).
Immunohistochemistry
Human postmortem brain tissue fixed in 4% paraformaldehyde was obtained as free-floating 40-lm thick sections from the CNADC Brain Bank (Table 1 ). Tissue sections from frontal cortex and hippocampus from pathologically diagnosed cases with CBD, PSP and PiD were processed for immunohistochemistry as described previously [12, 13] . Where noted, CIP treatment was performed to remove phosphate groups from proteins (as described above) prior to processing sections for immunohistochemistry. Sections were then incubated with Tau-nY18 (1 lg/ml), Tau-nY29 (1 lg/ml), Tau-nY197 (40 ng/ml), Tau-Y197 (1 lg/ml), or Tau-nY394 (cell culture medium) at 4°C overnight (Table 2 ). After rinsing in phosphate buffered saline (pH 7.4), sections were incubated with biotinylated goat antimouse antibodies (l-chain or c-chain specific) according to the manufacturer's instructions (Jackson Immunoresearch, West Grove, PA), followed by an hour incubation in avidinbiotin complex solution (Vector Laboratories, Burlingame, CA). Sections were then developed with metal enhanced 3,3 0 -diaminobenzine (Pierce, Rockford, IL) and mounted onto glass slides, air dried overnight, dehydrated through graded alcohols, cleared with xylenes, and coverslipped with Permaslip (Alban Scientific Inc., St. Louis, MO). Primary antibody dilutions employed were predetermined by testing serial dilutions on adjacent tissue sections to assure the use of subsaturating primary antibody concentrations.
Immunofluorescence Double-label immunofluorescence was performed as previously described [12] and tissue sections were incubated with Tau-nY18 (1 lg/ml), Tau-nY29 (1 lg/ml), Tau-nY197 (20 ng/ml), Tau-Y197 (1 lg/ml) or Alz-50 (0.2 lg/ml) antibodies overnight at 4°C (Table 2) . Sections were then incubated with either a fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse c-chain specific or a Texas-redconjugated goat anti-mouse l chain-specific secondary antibody (Jackson Immunoresearch, West Grove, PA). Autofluorescence due to lipofuscin was blocked with Sudan Black (0.05%) in all sections analyzed [12, 24] . All images were captured as z-stacks of single optical sections using a Zeiss 510 laser scanning confocal microscope.
Results
Site-specific antibodies to nitrated tau
To demonstrate that each nitro-specific tau antibody (TaunY18, Tau-nY29, Tau-nY197, and Tau-nY394) reacts exclusively with the correct nitro-tyrosine residue within the tau molecule, wild type recombinant (ht40) and mutant tau proteins containing a single tyrosine residue at position Y18, Y29, Y197 or Y394 were nitrated in vitro using ONOO-and then tested by ELISA (Fig. 1 ). As expected, each monoclonal antibody selectively bound to nitrated wild type tau (nht40) and mutant proteins containing a nitro-tyrosine corresponding to their specific epitope ( Fig. 1a ; Table 3 ). The high selectivity of these antibodies with their respective immunogen is due to their recognition of the nitro-group (NO 2 ) in the context of the surrounding amino acids comprising each epitope, as the peptides used to generate these antibodies were unique (Fig. 1b) . It is worth mentioning that Tau-nY18 and Tau-nY29 appear to have a greater affinity to nitrated wild type tau at Y18 and Y29 compared to Tau-nY197 and Tau-nY394, likely due to the in vitro selectivity of the nitrating agent (ONOO-) for tau's N-terminal tyrosine residues as previously reported [37] . The presence of total tau within these samples was confirmed using Tau-Y197 and Tau-5 ( Fig. 1c) , pan tau antibodies that react with all tau proteins. Note, however, that Tau-Y197 fails to react with mutant proteins singly nitrated at Y18, Y29 or Y394 since part of this antibody's epitope requires a tyrosine residue that has been mutated to phenylalanine within these constructs [35] . Although nitration of the phenol group does not affect Tau-Y197's reactivity, the presence of the tyrosine hydroxyl group appears to be obligatory [35] .
Selective tau tyrosine nitration in corticobasal degeneration (CBD)
In order to investigate whether the hallmark pathological lesions of CBD contained nitrated tau, immunohistochemical analysis (IHC) was performed on tissue sections from the frontal cortex using Tau-nY18, Tau-nY29, TaunY197, and Tau-nY394. In cases pathologically diagnosed with CBD, Tau-nY18 did not label the lesions characteristic of the disease, even when CIP treatments or epitope retrieval methods were applied (Fig. 2a) , a result that was similar to that previously reported [36] . However, in contrast to the earlier results, one case did show a limited number of Tau-nY18-stained neuropil threads that were present within the gray matter of the frontal cortex following citric acid retrieval methods (Fig. 2b , arrowheads) [33] , suggesting that a minor degree of nitration at this site is possible within some aggregates in CBD. In contrast, Tau-nY29 labeled a subset of CBD-associated pathology Coiled bodies -
Immunohistochemistry (IHC) was performed on tissue sections from corticobasal degeneration (CBD), progressive supranuclear palsy (PSP) and Pick's disease (PiD) using site-specific nitro-tau antibodies and the qualitative observations are presented above ?, pathology observed; -, pathology not observed; ±, limited pathology observed that included the perinuclear inclusions ( Fig. 2c, asterisk) , neuropil threads as well as a limited number of ballooned neurons (Fig. 2f ). Similar to Tau-nY18, the glial pathology associated with this disorder was not labeled using the TaunY29, even when sections were subjected to several epitope retrieval methods (data not shown). Tau-nY197 only labeled a subset of neuropil threads that were present mostly within the gray matter of the frontal cortex (Fig. 2d , arrowheads). However, unlike Tau-nY18 or Tau-nY29, CIP treatment of tissue sections was required to unveil this epitope, suggesting that phosphorylation within the TaunY197 epitope prevents antibody binding as shown previously in tissue sections from brains pathologically diagnosed with AD [35] . As expected using the pan tau antibody Tau-Y197, numerous ballooned neurons with extensive processes protruding from the cell bodies (Fig. 2e) , as well as the coiled bodies (Fig. 2e, arrowhead) , and the distal processes of astrocytes commonly known as astrocytic plaques (Fig. 2h, i) were clearly labeled following CIP treatment, confirming that phosphorylation within the Y197 or nY197 epitopes inhibit antibody binding in CBD [35] . Finally, as was found in AD cases [35] , Tau-nY394 did not detect any tau inclusions associated with the disorder even after several epitope retrieval methods were performed (Fig. 2g) .
To determine whether the tau inclusions observed in CBD contain nitrated sarkosyl-soluble or sarkosyl-insoluble tau, frozen tissue blocks from cases pathologically diagnosed with CBD were fractionated as outlined in ''Methods'' and as reported previously [20] , processed for Western blot analysis, then blotted with Tau-nY18, Tau-nY29, TaunY197, and Tau-nY394 (Fig. 2j) . Tau-nY18 did not react with the sarkosyl-soluble tau fractions but did label the sarkosyl-insoluble tau proteins in all CBD cases analyzed. Tau-nY29 labeled the sarkosyl-soluble tau but did not react with any of the sarkosyl-insoluble fractions, a result that is strikingly opposite to that observed using Tau-nY18. TaunY197 reactivity was shown within both the soluble and insoluble tau fractions, a result that is similar to the results shown from non-demented controls as well as AD brains [35] , suggesting that nitration at this site may be a normal event within tau as previously suggested [31] . It is worth noting that within the sarkosyl-insoluble tau fractions, Fig. 1 Determination of relative antibody affinities to non-nitrated and nitrated tau proteins by ELISA. a Tau-nY18, Tau-nY29, TaunY197, and Tau-nY394 were incubated with wild type tau (ht40), wild type nitrated tau (nht40) and nitrated mutant tau proteins containing a single tyrosine residue at position Y18, Y29, Y197 or Y394. Note that each antibody selectively binds to wild type nitrated tau and mutant proteins that correspond to its epitope. b The selectivity of these antibodies is due to both the nitro-tyrosine group and the amino acids surrounding it. c Total tau within these samples was labeled using Tau-Y197 and Tau-5, antibodies that bind to both 3R and 4R tau. Tau-Y197 did not react with mutant proteins nitrated at Y18, Y29 and Y394 as these proteins have a Y ? F substitution at position 197. Note that all peptides contain an additional cysteine residue at the carboxy end of the sequence to facilitate binding to maleimide-activated KLH for immunizations [25, 32] Tau-nY18 nY18 IgG Nitration specific [19] Tau-nY29 nY29 IgG Nitration specific [18] Tau-nY197 nY197 IgG Nitration specific [20] Tau-nY394 nY394 IgG Nitration specific [20] Tau-Y197 Y197 IgM Pan tau [20] RD3 khqpgggkvqivykpv IgG 3R tau specific [31] RD4 vqiinkkldlsnvqskc IgG 4R tau specific [31] Nitro-specific antibodies were used to determine the presence or absence of nitrated tau at specific tyrosine residues in conjunction with isoform specific or pan tau antibodies
Tau-nY197 appears to label more proteolytic fragments than Tau-nY18. This difference could be due to truncation events at the N-terminus hypothesized to occur at D25 that would eliminate nitration at tyrosine 18 in these proteolytic fragments [22, 40] . Finally, similar to our IHC results, TaunY394 did not react with any of the CBD samples analyzed, a result that somewhat mimics those in cases pathologically diagnosed with AD [35] . To confirm the presence of 3R and 4R tau isoforms within these samples, the RD3 and RD4 tau antibodies were used (Fig. 2k) . These antibodies selectively label tau proteins containing either 3R or 4R tau isoforms, respectively [5] . Note that both RD3 and RD4 antibodies label the sarkosyl-soluble fractions however, the RD3 antibody reacted poorly with the insoluble fractions, indicating that within the CBD cases analyzed, the majority of tau in the insoluble state is composed mainly of 4R tau isoforms. Total tau within these samples was labeled with Tau-12 [22] , an antibody that binds to the N-terminal region of the molecule and does not discriminate between 3R or 4R tau isoforms (Fig. 2k) . 
Tau tyrosine nitration in PSP
We then stained brain sections from pathologically confirmed PSP cases with each of the nitro-specific antibodies.
As expected, Tau-nY18 did not label the tau inclusions characteristic of this disorder as previously reported [36] . Unlike CBD, epitope retrieval methods had no effect on any of the tissue sections analyzed (Fig. 3a) . Tau-nY29 clearly labeled the globose tangles (Fig. 3b) as well as a few neuropil threads [39] . However, the thorny and tufted astrocytic lesions associated with this disorder were not detected. Tau-nY197 reacted poorly with the globose tangles but did label the coiled bodies (Fig. 3c, asterisk) and the neuropil threads to a limited extent following CIP treatment (Fig. 3d, e, arrowheads) . In contrast, Tau-Y197 labeled a large number of neuropil threads (Fig. 3g) , globose tangles (Fig. 3h, asterisks) as well as the thorny and tufted astrocytes (Fig. 3i , asterisk and arrow, respectively). Similar to Tau-nY197, CIP treatment was required to reveal the tau aggregates in PSP using Tau-Y197, indicating that both CBD and PSP may exhibit similar phosphorylation events that target the proline rich region of the tau protein. Once again, Tau-nY394 did not label any tau inclusions in PSP tissue sections even after epitope retrieval or CIP treatments were performed (Fig. 3f) .
To determine whether tau nitration was present in the sarkosyl-soluble and/or the sarkosyl-insoluble state, Western analysis was performed as above (Fig. 3j) . Tau-nY18 did not label the sarkosyl-soluble tau fractions but did label the sarkosyl-insoluble tau isolated from PSP frontal cortex (Fig. 3j) . Tau-nY29 labeled the sarkosyl-soluble fractions but failed to react with the sarkosyl-insoluble tau within the PSP cases analyzed. Tau-nY197 labeled both the soluble and insoluble fractions but Tau-nY394 failed to show any reactivity, suggesting nitration at tyrosine 394 does not occur in either CBD or PSP.
As shown for CBD, the RD3 and RD4 antibodies robustly labeled the soluble tau fractions in PSP, suggesting that our soluble tau preparations from CBD and PSP contain a mixture of both 3R and 4R tau isoforms. As expected, the RD3 antibody did not label the sarkosylinsoluble fractions in PSP, as the tau inclusions associated with this disorder are mainly composed of tau containing the 4R tau isoforms. Note, however, that the RD4 antibody also failed to react with these fractions, a result similar to that previously reported [20] . The lack of reactivity of the RD4 antibody with insoluble PSP tau is surprising, since this antibody clearly labels recombinant tau proteins containing 4R isoforms [5] . The presence of total tau within these samples was shown by its reactivity with Tau-12 ( Fig. 3k) , rendering this finding even more enigmatic (see ''Discussion'').
Abundant nitrated tau is present in Pick's disease (PiD)
Finally, to determine whether the pathological lesions commonly known as Pick bodies contain nitrated tau, tissue sections from PiD cases were processed for IHC and incubated with all nitro-specific tau antibodies. Unlike CBD or PSP, Tau-nY18 did label a few Pick body inclusions, although a citric acid retrieval method was required to obtain reactivity (Fig. 4a) . In contrast, extensive Pick body labeling was observed using Tau-nY29 and Tau-nY197 (Fig. 4b-e,  asterisks) . Furthermore, the ramified astrocytic pathology characteristic of this disorder was also labeled using both antibodies (Fig. 4c, d, arrowheads) . Similarly, Tau-Y197 labeled abundant neuropil threads (Fig. 4h) , neuronal Pick body pathology (Fig. 4g, h ), coiled bodies (Fig. 4i , arrowheads) and the ramified astrocytic pathology (Fig. 4j,  arrowheads) following CIP treatment. As was the case for CBD and PSP, Tau-nY394 did not label the pathology in any of the PiD cases analyzed (Fig. 4f) .
We then investigated whether the Pick brain homogenates also contain nitrated soluble or insoluble tau using Western blot analysis. As was the case in CBD and PSP, Tau-nY18 did not label the sarkosyl-soluble fractions and only one PiD case appears to show reactivity in the sarkosyl-insoluble tau fractions. Tau-nY29 demonstrated limited reactivity in the sarkosyl-soluble fraction and did not label the sarkosyl-insoluble fraction, even though abundant Pick body pathology was observed by IHC (Fig. 4b, c) . However, it is important to note that in the cases used for Western blotting there was very little Tau-12 immunoreactivity in the sarkosyl-soluble fraction (Fig. 4l) , therefore one might expect less labeling with Tau-nY29 because the proportion of nitrated tau is certainly less than the proportion of total tau. In contrast to CBD and PSP, Tau-nY197 poorly labeled both the sarkosyl-soluble and sarkosyl-insoluble fractions (Fig. 4k) , whereas Tau-nY394 showed no reactivity in either fraction.
Abundant sarkosyl-soluble and sarkosyl-insoluble tau was clearly labeled using the RD3 antibody (Fig. 4l) . Note that the RD4 antibody did not react with the insoluble fractions, indicating that most of tau within this fraction is mainly composed of the 3R variety. The sarkosyl-soluble tau fractions displayed only labeling of a few proteolytic fragments with RD4 indicating that most of tau within the sarkosyl-soluble fractions is of the 3R variety. Tau-12 robustly labeled the sarkosyl-insoluble fractions, but as shown with Tau-nY197 and RD4 antibodies, it reacted poorly with the sarkosyl-soluble fractions, largely recognizing proteolytic fragments. However, the uncleaved tau was clearly labeled using the RD3 antibody again suggesting that 4R tau is largely absent from both sarkosylsoluble and sarkosyl-insoluble fractions.
Tau tyrosine nitration co-localizes with the Alz-50 antibody Due to the widespread labeling of nitrated tau within the Pick body pathology using Tau-nY18, Tau-nY29, and TaunY197, we investigated whether these nitration events are associated with tau modifications that occur early in AD [16] . Double-label immunofluorescence was performed using a monoclonal antibody known to recognize tau in a conformation where the N terminus interacts with the microtubule binding region of the molecule (Alz-50), an event thought to facilitate tau aggregation during the initial stages of tangle formation in AD [4] . Notably, our qualitative observations revealed that while most Pick body inclusions labeled with Tau-nY18 and Tau-nY29 appear to co-localize with the Alz-50 antibody (Fig. 5a-i) , some Tau-nY29-positive Pick bodies were found that lacked Alz-50 reactivity (Fig. 5d-i, arrowheads) . Similarly, some Fig. 3 Selective tau tyrosine nitration in PSP. a Tau-nY18 did not label the pathological inclusions associated with PSP. b Tau-nY29 reacted with the globose tangles and with c the perinuclear inclusions but d, e Tau-nY197 localized to the neuropil threads following CIP treatment. f Tau-nY394 did not label any of the pathological lesions associated with PSP. g Tau-Y197 reacted with numerous neuropil threads and h globose tangles (asterisk) as well as i the thorny (asterisk) and tufted astrocytes associated with PSP. j By Western blot analysis Tau-nY18 did not react with the soluble tau but did label the insoluble fractions whereas Tau-nY29 labeled soluble tau but not insoluble fractions. Tau-nY197 labeled both the soluble and insoluble fractions, while Tau-nY394 did not react with any fractions analyzed. k Abundant soluble tau was detected with RD3, RD4 and Tau-12. The insoluble fractions, however, were only labeled with the Tau-12 antibody. In all panels, calibration bars represent 20 lm Fig. 4 Tau nitration in PiD. a Only a limited number of Pick body aggregates were labeled with Tau-nY18. In contrast, numerous Pick body inclusions reacted with Tau-nY29 (b, c arrowheads) and TaunY197 (d, e arrowhead). f TaunY394 did not react with any of the lesions of PiD, g, h but were clearly labeled using Tau-Y197. The coiled bodies (i arrowheads), and the ramified glial pathology were also labeled using Tau-Y197 (j arrowheads). k Western blot analysis indicated that TaunY18 did not label soluble tau but did label the insoluble fractions. No reactivity for soluble or insoluble tau was observed using Tau-nY29. TaunY197 sparsely labeled tau within the soluble and insoluble fractions. Tau-nY394 did not label either of the fractions analyzed. l However, the soluble fractions were clearly labeled using RD3, and to a limited extent using the Tau-12 antibody. The insoluble fractions were only labeled with RD3 and Tau-12 but did not react with the RD4 antibody. In all panels, calibration bars represent 20 lm Alz-50-positive inclusions were identified that lacked TaunY29 labeling (Fig. 5g-i, asterisk) . In contrast, while some Tau-nY197-positive Pick body inclusions and some ramified astrocytes co-localized with tau in the Alz-50 conformation (Fig. 5j-o, arrowheads) , most Pick body inclusions positive for Tau-nY197 did not (Fig. 5m-o,  asterisks) , suggesting that nitration at Y197 might precede the formation of the Alz-50 conformation in PiD as it does in AD. However, although unlikely, it is also possible that nitration at this site occurs after the Alz-50 conformation Fig. 5 Nitration of tau at Y18, Y29 and Y197 co-localizes with the Alz-50 antibody in PiD. Double-label immunofluorescence was performed on tissue sections from areas of the frontal cortex using Tau-nY18, Tau-nY29, Tau-nY197, and the Alz-50 antibody. a-c Pick body inclusions positive for TaunY18 clearly co-localized with the Alz-50 antibody. d-i (arrowheads) Only a fraction of Tau-nY29-positive inclusions co-localized with Alz-50 epitope. Limited co-localization was also observed when Tau-nY197 was paired with Alz-50, both Pick body inclusions (j-o), and some ramified glial pathology (j-l asterisk) showed some co-localization however, most Tau-nY197 reactive Pick bodies were not labeled by the Alz-50 antibody (m-o asterisk). In all panels, calibration bars represent 20 lm vanishes as the inclusions mature; additional cases and stereological techniques may be necessary to further validate this hypothesis.
Discussion
In the present study, we investigated the presence or absence of nitrated tau within CBD, PSP and PiD using two novel antibodies Tau-nY197 and Tau-nY394 [35] and compared the reactivity to two previously characterized antibodies termed Tau-nY18 and Tau-nY29 [36, 39] . As previously reported, all but one antibody identified nitrated tau within the pathological inclusions associated with AD [5, 22] . Herein, we consider the differences between the nitration state of tau within the fibrillar tau aggregates in non-AD tauopathies and tau's nitration state in AD. Our findings suggest that while nitration at specific tyrosine sites may be indicative of a pathological event associated with neurodegeneration, nitration at other residues is likely a normal tau modification within the human brain (Table 4) .
Limited Tau-nY18 reactivity in AD and non-AD tauopathies Although several attempts were made to reveal the pathological tau inclusions reacting with Tau-nY18 by performing numerous epitope retrieval methods in non-AD tauopathies, very few were observed by IHC (Table 2) . These findings are consistent with our previous results which indicated that Tau-nY18 does not label the tau inclusions associated with either CBD or PSP by IHC [36] . However, following citric acid retrieval methods, one CBD case did appear to have a limited number of neuropil threads that were clearly positive for Tau-nY18. Similarly, a select number of Pick body inclusions were also positive for Tau-nY18 in PiD; however, the vast majority were unlabeled.
In addition to the few neuronal tau inclusions detected by Tau-nY18 in AD, this antibody mainly labeled the reactive glial cells that were associated with amyloid plaques [36] . While glial tau inclusions are part of the hallmark tau pathology associated with CBD, PSP and PiD, Tau-nY18 did not label any of the glial inclusions in these disorders, suggesting that nitration of tau at tyrosine 18 may be associated with the generation of amyloid deposits which are largely absent in the non-AD tauopathies [36] .
That said, Western analysis revealed that Tau-nY18 reactivity was readily detected within the sarkosyl-soluble and sarkosyl-insoluble tau fractions isolated from severe AD cases [36] . However, it was also found within the sarkosyl-soluble tau fractions isolated from non-cognitively impaired controls [36] . By contrast, Tau-nY18 labeled the sarkosyl-insoluble fractions in CBD, PSP and PiD (Table 4 ), but did not label the sarkosyl-soluble fractions even though the samples were isolated from the same brain region (frontal cortex) as that assayed in nondemented controls [36] . This indicates that nitrated sarkosyl-soluble tau may be selectively garnered by the insoluble fraction as part of the disease processes active in these non-AD tauopathies.
Although Tau-nY18 reacted with insoluble tau by Western analysis, this antibody seldom labeled the tau inclusions in non-AD tauopathies (Table 4 ). This result may be due to the sensitivity of the Western technique compared to IHC. Alternatively, it is also possible that Tau-nY18 is labeling a tau aggregate that has yet to become a part of a readily identifiable pathological inclusion. In one specific PiD case, Tau-nY18 did not react with sarkosyl-insoluble tau even though abundant insoluble tau was detected using Tau-12 and RD3 antibodies (Table 4) . These findings suggest that some tauopathy cases may be susceptible to nitration at Y18 while others are not. Clearly, nitration of tau at tyrosine 18 is variable in PiD cases and is not required for tau inclusion formation.
Perhaps, our most interesting finding regarding nitration of tau at tyrosine 18 is that it is readily detectable in sarkosyl-soluble tau within the frontal cortex of normal controls and within cases pathologically diagnosed with AD. All of these suggest that nitration of tau at this site may be a post-translational modification involved in a normal biological function. However, additional studies are necessary to validate this hypothesis.
Tau-nY29 reactivity in AD and non-AD tauopathies Unlike Tau-nY18, Tau-nY29 clearly labeled a select number of neuronal tau lesions associated with CBD and PSP. However, similar to Tau-nY18, the hallmark glial 
Sarkosyl soluble (Sol) and insoluble (Insol) tau proteins were isolated from frozen tissue section from cases pathologically diagnosed with corticobasal degeneration (CBD), progressive supranuclear palsy (PSP) and Pick's disease (PiD) and the reactivity of the nitro-specific antibodies is presented above ?, presence; -, absence; ±, minimal reactivity Acta Neuropathol (2012) 123:119-132 129 lesions associated with these disorders were never labeled, even after numerous epitope retrieval methods were applied to tissue sections [33] . These findings indicate that the glial cell types in CBD or PSP are not susceptible to nitration at tyrosine 18 or 29. In contrast, numerous neuronal and glial tau inclusions were clearly labeled in PiD using Tau-nY29, suggesting that nitration of tau at tyrosine 29 is a more frequent event in this tauopathy (Table 2) . Western blot analysis indicated that Tau-nY29 reacted with the sarkosyl-soluble fractions in both CBD and PSP but did not react with any of the sarkosyl-insoluble fractions analyzed (Table 4 ). This is exactly the opposite result to that obtained using Tau-nY18. Although the meaning of these findings remains unclear, it does serve to differentiate between CBD and PSP cases based on the aggregation state and the selective nitration of two closely spaced tyrosine residues within the tau molecule.
In contrast to our IHC observations in PiD, Tau-nY29 did not react with either the sarkosyl-soluble or sarkosylinsoluble tau fractions in any of the cases analyzed by Western analysis (Table 4) . These results may be explained by a potential proteolytic event within tau at D25 [40] , which would certainly eliminate Y18 and perhaps render Y29 non-nitratable. This hypothesis is supported by the lack of Tau-12 reactivity, a pan-tau antibody whose epitope is also within the N-terminal region of the molecule and would be eliminated by a truncation at D25. Alternatively, it is also possible that the lack of Tau-nY29 reactivity is not due to the cleavage of proteins but rather to a post-translational modification or a conformation within the molecule that prevents antibody binding. Some credence is lent to this hypothesis by the binding of the RD3 antibody to tau polypeptides migrating at the normal apparent molecular weight. However, even though Tau-nY29 did not bind tau in PiD via Western analysis, it reacted well with Pick bodies via IHC. Unfortunately, the cases used in IHC experiments were different from those analyzed by Western blots (Table 1) . Hence, one could posit many reasons for the differences that might include the IHCstaining structures being so insoluble that they do not enter even a stacking gel. It should be noted that tau in most NFTs in AD is truncated on its carboxy end and yet evidence for such truncation is never seen in sarkosylinsoluble biochemical preparations from human AD brains [11, 19, 32] .
In AD, Tau-nY29 labeled the sarkosyl-soluble and sarkosyl-insoluble tau fractions by Western analysis (Braak stage V-VI; Table 4 ). However, in contrast to Tau-nY18, Tau-nY29 did not react with the sarkosyl-soluble tau fractions isolated from non-cognitively impaired controls [39] . These findings suggest that nitration at this site may be strictly a pathological modification because (1) it occurs within some of the hallmark tau pathologies in both AD and non-AD tauopathies and (2) its presence in sarkosylsoluble tau appears to be disease-dependent (PSP and CBD).
Tau-nY197 reactivity in AD and non-AD tauopathies Similar to Tau-nY18, Tau-nY197 reacted with a limited number of tau inclusions associated with CBD and PSP by IHC (Table 2) . In PiD however, a number of Pick body inclusions were clearly labeled using Tau-nY197. Similarly, in AD, Tau-nY197 selectively localized to the pathological inclusions associated with the disease, including the NFT, neuropil threads and neuritic plaques [35] .
Western analysis further revealed abundant nitrated tau at tyrosine 197 within the sarkosyl-soluble and sarkosylinsoluble fractions in CBD and PSP and to a limited extent in PiD, a result that does not match the limited nitration events observed using IHC in CBD and PSP or the abundant labeling in PiD (Tables 2, 4 ). In AD, Tau-nY197 reactivity was present not only within the sarkosyl-soluble and sarkosyl-insoluble tau fractions but also within sarkosyl-soluble tau isolated from non-cognitively impaired controls [35] . These findings suggest that nitration at tyrosine 197 like nitration at tyrosine 18 may be a normal modification within tau [36, 39] .
Overall, the reactivity of these monoclonal antibodies (Tau-nY18, Tau-nY29, and Tau-nY197) with non-AD tauopathies suggests that tau aggregates composed mainly of 3R tau isoforms may be more susceptible to nitration than tau inclusions composed mainly of 4R tau isoforms (Table 2) . However, relatively little is known about tau inclusion progression and its association with cognitive decline in these rare tauopathies ( Table 1) .
Lack of Tau-nY394 reactivity in AD and non-AD tauopathies
In contrast to the nitro-tau antibodies shown above, nitration of tau at tyrosine 394 was not detected in any of the disease states analyzed (Tables 2, 4 ). The lack of nitration at tyrosine 394 in these rare diseases was somewhat expected based on previous results that indicated nitration at this site occured to only a limited extent within sarkosylinsoluble tau aggregates isolated from severe AD cases [35] . However, tyrosine 394 was shown to be nitrated in vitro [37, 38] ; therefore, it may be that a truncation event at the C terminus of tau can remove this residue eliminating nitration at this site [27] . Another possibility is that nitration at this site in AD and these rare disease states may be masked by the presence of a phosphorylation at tyrosine 394 [7, 27, 42] . Indeed, previous work by Hanger and colleagues [18] identified phosphorylation of tyrosine 394 in AD using Edman degradation and mass spectrometry analysis. Phosphorylation at tyrosine 394 would likely preclude nitration on the same tyrosine residue.
Nitration and Tau solubility
It is worth mentioning that in PiD, no full-length sarkosylsoluble tau was identified with any of the nitro-specific antibodies used, and only a limited amount was detected with the Tau-12 antibody (Fig. 4) , an extremely high titer tau antibody. The RD3 result, however, clearly demonstrates the presence of 3R tau in these fractions and Tau-12 certainly binds to 3R tau proteins (unpublished observations). It is possible that nitrated sarkosyl-soluble tau may be a subset of total soluble tau and not sediment during the isolation of the sarkosyl-soluble and sarkosyl-insoluble tau fractions, or be so insoluble as to not enter even the stacking gels during Western analysis. Alternatively, the PMI from these diseases may have negatively contributed to these observations (Table 1) . It must also be noted that different cases were used for IHC and Western analysis and therefore these results must be interpreted with caution. In addition, one of the PiD cases analyzed by Western analysis was diagnosed with a familial mutation of PiD (Table 2 ) which may also contribute to the discrepancy of our results. Certainly, more PiD cases of soluble and insoluble tau fractions must be analyzed to confirm these findings.
Overall, the findings presented herein and those published previously [35, 36, 39] indicate that tyrosine nitration occurs on tau with site-selective specificity in normal and diseased brain states and suggests that nitration at specific tyrosine sites (Y18 and Y197) may subserve a normal biological function that remains to be elucidated. The shear specificity of nitration events at specific tyrosine residues among non-demented control subjects and those with different disease states suggests a potential enzymatic event or events that may be responsible for nitration [26] . Support for this contention is further obviated by the report of nitration at Y197 in the brains of young wild type mice [31] . Indeed, nitrating enzymes would add another level of cellular control to events dependent on tyrosine phosphorylation and signal transduction.
